The majority of goats in Tanzania belong to the Small East African (SEA) breed, which exhibits large phenotypic variation. This study aimed to determine the genetic structure of, and relationships among four populations (Sukuma, Gogo, Sonjo, and Pare) of the SEA breed that have not been studied adequately. A total of 120 individuals (24 from each population) were analysed at eight microsatellite loci. In addition, 24 goats of the South African Boer breed were used as reference. Observed heterozygosity (Ho) ranged from 0.583 ± 0.04 for Sukuma to 0.659 ± 0.030 for Gogo, while expected heterozygosity (He) ranged from 0.632 ± 0.16 for Sukuma to 0.716 ± 0.16 for Boer. Five loci deviated from Hardy-Weinberg equilibrium (HWE) across populations. The mean number of alleles ranged from 4.75 ± 1.58 for Pare to 6.88 ± 3.00 for Sukuma. The mean inbreeding coefficient (F IS ) ranged from 0.003 in Sonjo to 0.148 in Sukuma. The differentiation coefficient (F ST ) was highest (0.085) between Boer and Sukuma and lowest (0.008) between Gogo and Sonjo. The largest genetic distance (0.456) was found between Sukuma and Boer, while the smallest (0.031) was between Gogo and Sonjo populations. Pare, Gogo, and Sonjo populations, formed one cluster, while Sukuma and Boer populations formed two separate clusters. From the findings, it can be concluded that the SEA goats in this study showed high in population genetic variation, which implies that there is good scope for their further improvement through selection within populations. The Sukuma population, which has fairly high inbreeding, is moderately differentiated from Pare, Sonjo, and Gogo goat populations, which showed a high level of admixture. Conservation and improvement strategies of the goats should be designed with first priority being on Sukuma goats.
Introduction
The majority of goats in Tanzania belong to the Small East African (SEA) breed, which comprises a number of populations, including Ujiji, Sukuma, Maasai, Gogo, Pare, Sonjo, and Newala goats (Msanga et al., 2001) . These animals are widely distributed and well adapted to various agro-ecological zones of the country with varying climatic and topographical conditions. In terms of importance, indigenous goats rank second to indigenous cattle, and are kept by most rural people to provide income, meat for home consumption, and investment. In recent years, the demand for goat meat in urban areas has increased, notably at supermarkets and hotels (Rutashobya, 2003) . Similarly, the demand for live animals has increased owing to more export opportunities to the Persian Gulf countries, Madagascar and Comoros (Chenyambuga et al., 2012) .
Small East African goats in Tanzania have low productivity owing to their low genetic potential for meat and milk production, and do not produce optimally (Chenyambuga et al., 2014) . Despite their low productivity, the SEA breed is preferred to exotic breeds and their crosses because of its adaptive characteristics, which are manifested in their ability to tolerate drought, feed shortage, poor quality forages and endemic diseases (Chenyambuga et al., 2014) . These indigenous goats are preferred because livestock keepers in rural areas do not have the resources to purchase the veterinary drugs and concentrate feeds that are essential for raising highly productive breeds. Moreover, in the traditional sector, the socio-economic and cultural roles played by livestock and the use of livestock as an asset and security are often valued more highly than their utilization for milk and meat.
The importance of indigenous goats in various communities and in the economy of Tanzania in general warrants the establishment of a national conservation and improvement programme for the various populations of the SEA breed. Moreover, as a signatory to the Convention on Biological Diversity (CBD), Tanzania is expected to conserve and use sustainably the farm animal genetic resources found within its boundaries. Before establishing conservation and improvement strategies for the sustainable utilization of the various populations, there is a need to understand their genetic differences and to assess their population structure.
In the past few years there have been efforts to characterize the goat populations in Tanzania. However, these studies were limited as they analysed only a few populations (Chenyambuga et al., 2002) . In a recent study it was shown that the SEA goat breed consists of heterogeneous populations, which exhibit large variability in body measurements such as body size, coat colour and other morphological features (Nguluma et al., 2016) . The current classification of SEA goats based on morphological characteristics may not be satisfactory for the purpose of designing breed improvement or conservation programmes. Phenotypic characteristics cannot be used adequately to assess the variation among the populations as they are influenced by the environment and make comparison of animals in different localities difficult (Falconer & Mackay, 1996) . At the moment, it is not clear whether the indigenous goat populations of Tanzania constitute one breed, namely the SEA breed, or consist of various breeds, because they have different phenotypic characteristics. It is therefore necessary to document the genetic structure of each of the SEA goat populations and the SEA breed as a whole.
Currently, genomic tools allow investigation of unique genetic features of the indigenous goats. Microsatellites are regarded as the most useful DNA markers in the study of genetic diversity of closely related populations (Marikar & Musthafa, 2014) and have been used to determine genetic variation among SEA goats in East African countries (Chenyambuga et al., 2002; Muema et al., 2009) . This study was designed to collect genetic information of four populations of Tanzanian SEA goats sampled from distantly located geographic areas with varying agro-ecological climates. Two of these populations (Sonjo and Pare) have not been studied before and are therefore reported here for the first time.
Materials and methods
Blood samples were collected from 120 animals, representing four SEA populations, namely Gogo (from central Tanzania, Dodoma region), Pare (north-eastern Tanzania, Kilimanjaro region), Sonjo (also north-eastern region of Arusha) and Sukuma (northern Tanzania, Mwanza region). The animals were described in an earlier study (Nguluma et al., 2016) . The Boer breed, an improved meat goat from South Africa, was included to serve as a reference breed. A total of 24 unrelated animals (12 females and 12 males) from each population were sampled from farmers' flocks in villages located at least 10 km apart. Care was taken not to sample related animals, and therefore the owners were asked about the relationships of the animals. Pedigree information and knowledge of the herdsmen were also used to ensure that the animals were purebred and unrelated up to at least three generations. Blood samples were obtained by jugular vein puncture using 10 ml EDTA vacutainer tubes and were immediately placed on ice. The collection was executed by experienced technicians (licensed veterinarians) from the College of Veterinary Medicine and Medical Sciences (CoVMMS) at Sokoine University of Agriculture (SUA) and the methods followed ethical guidelines for care and use of agricultural animals for research. Samples were transported to the laboratory at SUA for DNA extraction within 48 hours of sampling.
The DNA was isolated using a standard commercial kit (Qiagen blood kit, Chatsworth, USA) according to the manufacturer's instructions. The DNA was amplified at eight microsatellite markers in a polymerase chain reaction (PCR) using the primers indicated in Table 1 . The PCR was carried out in a 20 µl reaction volume consisting of 0.2 mM dNTPs, 1.5 mM Mg 2+ , 0.5 µL mixed forward and reverse primers, 5 U/ µL Taq polymerase and 1 µL (about 60 ng) DNA template. The PCR reaction conditions consisted of an initial denaturation at 94 °C for 5 minutes, followed by 35 cycles of denaturation at 94 °C for 30 seconds, annealing at the locus-specific temperatures presented in Table 1 for 30 seconds, and extension at 72 °C for 30 seconds. These were followed by an elongation step (final extension) at 72 °C for 7 minutes. The PCR products were analysed using an ABI 3130 XL automatic gene analyser. The sizes of the amplified fragments were determined with 672 GeneScan™ analysis software (version 2.0) and Genotyper™ software (version 2.0). The eight microsatellite markers used for this study are presented in Table 1 . All the markers were recommended for biodiversity studies by FAO and the International Society for Animal Genetics (ISAG) (FAO, 2011) . Polymorphism information content (PIC) was estimated using the Excel Microsatellite Toolkit. The number of private alleles within the populations was also identified using this software. Genetic diversity within each population was determined as the mean number of alleles (MNA) per locus and average observed (Ho) and expected (H E ) heterozygosity. These were calculated for each locus in the whole population from allele frequencies using FSTAT 2.9.3.2. Quality control and data conversion before further analyses were performed using CONVERT 1.31 software. Pairwise genetic distances between the populations were computed based on genetic distance according to Nei et al. (1983) and were calculated with PHYLIP version 3.68 (Felsenstein, 1993) . Moreover, a phylogenetic tree showing population relationships was constructed in PHYLIP using neighbour-joining methodology according to Saitou & Nei (1987) . To examine the reliability of the tree topology, 1000 bootstrap resampling was done. Wright's Fstatistics (F IS and F ST ) (Weir & Cockerham, 1984) and deviations from HWE at locus and population levels were computed using FSTAT 2.9.3. The statistical significance of the values obtained was estimated by bootstrapping using 1000 replications. The Bayesian clustering algorithm implemented in Structure 2.3.3 (Pritchard et al., 2000) was used to infer population structure and explore the assignment of individuals and populations to specific genetic clusters. For this analysis, the number of clusters (K) was made to vary between 2 ≤ K ≤ 5, using a burn-in of 5000, followed by 100 000 Markov Chain Monte Carlo iterations and 100 simulations for each K. The estimate of the best K was calculated as described by Evanno et al. (2005) using Structure Harvester v.0.6.92. Individual goats were assigned to the presumed populations of origin using GenAIEx 6.502. Finally, locus by locus analysis of molecular variance (AMOVA) was performed in Arlequin 3.1 software (Excoffier et al., 2005) to determine sources of variation between populations. Principal component analysis was performed using XLSTAT software (Addinsoft, Paris).
Results
All loci were polymorphic (genetically variable). The overall MNA per locus was 10.125 and the number of alleles per locus ranged from 4 (SRCRSP15) to 18 (ILSTS029) ( Table 2 ). PIC ranged from 0.417 (SRCRSP15) to 0.784 (ILSTS029). Six markers showed high levels of polymorphism (PIC>0.50), indicating that they are highly informative and can be used in genetic diversity studies. The mean Ho for all loci was 0.620 ± 0.144, and the estimates per locus ranged from 0.347 to 0.766 for SRCRSP7 and ILSTS029, respectively. The mean H E across loci was 0.714 ± 0.08, with estimates per locus ranging from 0.481 (SRCRSP7) to 0.863 (ILSTS029). Of the eight loci analysed, five markers (MAF209, ILST011, SRCRSP7, SRCRSP5, ILSTS029) deviated from HWE (P <0.05). The overall genetic differentiation indicated by F ST was 0.085 ± 0.025 and the values ranged from 0.023 to 0.210. The gene differentiation coefficient (G ST ) showed an overall differentiation of 0.084. The mean heterozygosity deficit, which was measured by F IS , was 0.05 ± 0.049. The F IS values ranged from -0.073 for SPS113 marker to 0.297 for SRCRSP7 marker. The F ST , F IS , and G ST values for each locus are presented in Table 2 . All estimates were based on information obtained from the eight microsatellite loci used in the analyses. The MNA per population ranged from 4.75 ± 1.58 in Pare goats to 6.88 ± 3 in Sukuma goats. H O was lowest (0.583 ± 3) in Sukuma goats and highest (0.659 ± 0.030) in Gogo goats. H E values ranged from 0.632 ± 0.057 (in Sukuma population) to 0.677 ± 0.013 (in Gogo population). In all populations, H E was higher than H O and the heterozygosity deficit was significant for all populations with the exception of Sonjo goats. The mean FIS was significant in Pare (0.083), Sukuma (0.148) and Boer (0.078) goats. The test for conformity with HWE indicated that four loci deviated from HWE in Sukuma goats, while in Gogo, Pare and Boer populations two deviated. There were 36 private alleles in total that were found at the eight loci and were distributed across the five goat populations (Table 3) . Sukuma goats had the highest number of private alleles (21), while the lowest number of private alleles (two) was found in Pare goats. The highest frequency (54.2%) of a private allele (136 bp) was found at the SRCRSP7 locus in Sukuma goats. More than half of the private alleles (55.5%), however, occurred at a frequency of 2.1% in all the populations.
The differentiation coefficient (F ST ) and genetic distances were used as the measure of genetic variation between pairs of the populations. The results are presented in Table 4 . The largest genetic distance (0.456) was observed between Sukuma and Boer goats, while the smallest distance (0.031) was found between Gogo and Sonjo goats. For all population pairs, the mean F ST values were low to moderate, ranging from 0.008 for the Gogo-Sonjo pair to 0.085 for the Sukuma-Boer pair. The genetic relationship among the populations is depicted in the phylogenetic tree (Figure 1 ). In the phylogenetic tree three genetic groups were identified. Boer and Sukuma formed two distinct groups, while the third group comprised the Gogo, Pare and Sonjo goats. Global principal component analysis was performed using the frequencies of the marker alleles and is presented in Figure 2 . The first two principal components explained 63% of the total variation. The first quadrate separated Sukuma from the other populations. Pare and Sonjo were placed together in the second, while Gogo and Boer occupied the third and fourth quadrates, respectively.
Figure 2 principal component analyses of allele frequencies of the eight microsatellite markers typed in four
Small East African goat populations and Boer goat breed.
The AMOVA (Table 5) showed that only about 8% of the total variation was observed among the populations, while the variations among individuals within populations and within individuals were 75% and 17%, respectively. The analysis of genetic structure indicated that three of the four populations of SEA goats are greatly admixed. The number of ancestral populations underlying the observed genetic diversity in the five populations was assessed with the Bayesian approach implemented by Structure. The most likely number of ancestral populations that contributed to the observed genetic variability in these five populations was three (Figure 3 ). When K = 3, Sukuma and Boer populations were clearly identified with two ancestral populations, while the remaining populations showed some admixture within one ancestral population. Assignment of individual goats to the presumed population of origin is presented in Table 6 . The results revealed that only a small proportion (about 29-33%) of the individuals from Gogo, Pare, and Sonjo populations were correctly assigned to their population of origin, and the remaining proportion was misassigned among the three populations. Higher proportions of individuals from Sukuma and Boer populations were correctly assigned to their population of origin compared with individuals from Gogo, Pare, and Sonjo populations. 
Discussion
The overall goal of this study was to evaluate the genetic variation and relationship among four populations of SEA goat breed of Tanzania using selected microsatellite markers. All markers in the present study were highly polymorphic and could be used sufficiently to evaluate the genetic diversity of goats, as evidenced by the large number of alleles per locus, large values of heterozygosity, and high levels of PIC. The MNA per locus observed in this study is higher than the minimum number of alleles (>4) recommended, and therefore is sufficient to reduce the standard error estimates for assessing genetic distances among populations (Barker, 1994) . According to Nei (1996) , DNA markers with heterozygosity values ranging between 0.3 and 0.8 in the populations are adequate for measuring genetic variation. In the present study, heterozygosity ranged between 0.4 and 0.8. The mean PIC value of 60.2% across these goat populations is considered informative (Botsten et al., 1980) in population genetic studies.
Gene diversity (average expected heterozygosity) is an appropriate measure of genetic variation within a population. The range of values for gene diversity (0.632: 0.677) obtained in the present study is comparable with the gene diversity ranging from 0.54 to 0.67 observed in sub-Saharan African goats (Chenyambuga et al., 2012) and other breeds outside the African continent, including Southern Indian goat breeds (0.61-0.73) (Dixit et al., 2010) , but lower than the values ranging from 0.731 to 0.800 for Chinese goat breeds . The MNA per population ranging from 4.75 to 6.88 in this study is comparable with a range of 1 to 5.9 reported for indigenous goats of sub-Saharan Africa (Chenyambuga et al., 2002; Muema et al., 2009; Maletsanake et al., 2013) . Slightly higher values have been reported in Southern Indian goat breeds (8.64) (Dixit et al., 2010) and Kalahari Red goats of South Africa (7.7) . The relatively low MNA observed in some populations in the present study suggests the existence of past bottlenecks in those populations. Population bottlenecks affect allelic richness more than genetic variability (Luikart & Cornuet, 1998; Oliveira et al., 2010) . MNA is also highly dependent on the sample size and number of sires and their relationships used in the breeding programme (Maletsanake et al., 2013) . The relatively lower MNA observed in some populations in the current study could probably be associated with the small sample sizes. It may also be a result of using few breeding sires and selecting for certain productivity traits in the farming communities where sampling was done. To ensure sampling of unrelated animals in the present study, animals were sampled randomly based on their phenotypic appearance and information given by herders. However, in the absence of pedigree records, recall bias by the herders may result in sampling of animals with close ancestral relationship, especially in communities where few breeding sires are used.
The deviation from HWE for some of the populations indicates that mating was non-random and that some of the loci in those populations were linked to other loci, affecting morphological, productive or adaptive traits undergoing natural selection, as explained by Dixit et al. (2010) . Similar to what was observed by Oliveira et al. (2007) , significant deviations from HWE could have been caused by the presence of null or non-amplified alleles in these populations. F IS , which is an estimator of local inbreeding effect, was high and significantly different from zero for Pare (P <0.05), Sukuma (P <0.001), and Boer (P <0.05) goats. This suggests some degree of inbreeding, non-random mating or some loci being under selection for particular traits within each population. The high level of F IS explains the deviation from HWE because the same populations with high and significant F IS values (that is, Sukuma) had many loci that deviate from HWE. The F IS values obtained in the present study are generally comparable with the values of 0.019-0.105 reported in West African local goats (Missohou et al., 2011) , and of 0.05-0.07 reported in Gujarat Indian breeds (Fatima et al., 2008) , but were lower than the value of 0.2 reported in Southern Indian breeds (Dixit et al., 2010) and 0.264 reported in Marwari (Kumar et al., 2005) .
Genetic differentiation was estimated using F ST , G ST and AMOVA, and gave similar results. The level of genetic differentiation was low among the Pare, Gogo, and Sonjo populations, while it was moderate for Sukuma and Boer goat populations, as indicated by the F ST . The level of differentiation among the populations in the present study was above the 5% reported for sub-Saharan African goats (Muema et al., 2009) , 6% for Egyptian breeds (Agha et al., 2008) , 5.4% for West African Dwarf goats (Mujibi, 2005) , but lower than the 15% reported for sub-Saharan African goats in another study (Chenyambuga et al., 2002) . The low level of population differentiation may result from considerable exchange of genetic materials, including sires and dams, and high mobility of the animals across regions, which allows gene flow to occur between populations (Luikart et al., 2001; Naderi et al., 2007) . On the other hand, moderate to high differentiation may be a result of selection, genetic drift, or inbreeding effects (Dixit et al., 2010) . In the present study, Sukuma goats were moderately differentiated from the other three SEA goat populations, probably because of physical separation as a result of large geographical distance. The other populations (Gogo, Sonjo, and Pare) were closely located to each other. Hence, there is a high chance of interbreeding among them. The moderate differentiation observed between Boer goats and the SEA goat populations was expected as the two breeds are distantly located, thus interbreeding is not possible. Moreover, the Boer goats may not share a recent common ancestor with the SEA goats. In addition, selection for improved performance in Boer goats (being a commercial breed) and lack of deliberate selection for traits of economic importance in SEA goats could be another reason for the observed differentiation of Boer from SEA populations. The most striking observation in the present study was that the three SEA goat populations (Pare, Gogo, and Sonjo) were genetically more distant from the Sukuma than they were from the Boer goats. The results are inconsistent with the previous assumption that the distance between any two SEA goat populations would not be larger than the distance between Boer and any SEA goat population, considering wide large geographical separation.
Similarly, genetic structure analysis showed that Gogo, Pare, and Sonjo populations are intermixed and not differentiated. This is consistent with the phylogenetic analysis and the pairwise F ST value analysis. At K = 3, which was the optimal number of populations, Sukuma goats grouped separately from the other SEA populations and Boer goats, indicating a high level of differentiation and lack of ,or a low level of gene flow between them. According to Slatkin & Barton (1989) , abundance of private alleles within a breed in relation to other breeds is also an indication of weak gene flow between them and is one of the methods, apart from using F ST , that can be used to estimate gene flow between populations. A private allele is considered to have a high frequency if it occurs in more than 20% of the population (Glowatzki-Mullis et al., 2008) . Sukuma goats, in which one of the private alleles (136 bp) occurred in a frequency of 54.2%, were likely to be the first to diverge from other populations, and had limited gene exchange with other goat populations in the study.
Genetic distance among the SEA populations was highest for the Sukuma-Gogo pair and lowest for the Gogo-Sonjo pair. It is advised that conservation of animal genetic resource diversity should focus on preventing the disappearance of populations that show the widest genetic distance (Baker, 1994; Nei & Takezaki, 1994) . Therefore, Sukuma goats deserve to be given first priority in conservation efforts.
From the phylogenetic, principal component, and structure analyses, the four goat populations could be classified in two groups: Pare, Gogo and Sonjo; and a separate group for Sukuma. However, the groups were not sufficiently separated to be regarded as distinct breeds, because there was still a lot of intermixing between them. This can also be seen from the results of the test to assign individual goats to their reference population, which indicates the proportion of pure-breed individuals. The low percentage of correctly assigned individuals from Pare, Sonjo, and Gogo goats to their reference population reflects a high level of gene flow and shows the genetic closeness of the populations. This information is important in designing future breeding programmes.
Conclusions and Recommendations
These SEA goat populations of Tanzania had high genetic diversity, which can be harnessed for future improvement. Inbreeding was significant for the Pare, Sukuma, and Boer populations. The Sukuma population was moderately differentiated and genetically distant from all other populations of SEA goats. Similarly, Boer goats were moderately differentiated and distant from all populations of SEA goats, but more so from Sukuma than from other SEA goat populations (Gogo, Pare, and Sonjo). Furthermore, assessment of the population structure revealed three genetic groups: one comprised Gogo, Pare and Sonjo and the other two Sukuma and Boer populations. There is a need to design a conservation and improvement programme that gives first priority to the Sukuma population. In future, studies that use a larger number of markers should be conducted with higher number of populations to give better understanding of the genetic diversity of the goat populations in Tanzania, and assist in designing and implementing appropriate conservation and improvement programmes.
